An electrically tunable three-dimensional holographic photonic crystal made of polymer-dispersed liquid crystals was fabricated using a specially designed prism. This prism split a collimated laser beam into four beams which interfered with each other at the base of the prism to form a three-dimensional spatial light intensity pattern. The spatial light intensity pattern was then recorded inside a cell filled with polymer-dispersed liquid crystals to create photonic crystal structures, which were examined by atomic force microscopy and scanning electron microscopy. The diffraction and electrically tunable properties were also presented. The electro-optical response time was also measured.
Introduction
The existence of photonic bandgap (PBG), a region in frequency domain where propagating modes are forbidden, in photonic crystals (PhCs) 1, 2) makes it potentially useful in visible and near infrared (NIR) regions, such as enhancing the brightness of light-emitting diodes (LEDs), 3) fabricating highly integrated waveguides, 4) and filters, 5) etc. Different approaches have been used to fabricate PhCs, such as electron-beam lithography, 6) self-organization of colloids, 7) layer-by-layer micromachining, 8) and holographic lithography. [9] [10] [11] [12] [13] [14] [15] Among these methods, laser holography technique offers a highly versatile and flexible approach to create organic PBGs; laser holography is able to create large area periodic structures through an exposure process, while maintaining the uniformity of the period, and offering more degrees of freedom to control the structures. It has been demonstrated both theoretically and experimentally that three-dimensional (3D) structures can be obtained by recording the interference patterns generated by multiple coherent laser beams on photosensitive materials. 12, 16) Generally, a high refractive index contrast is required for a full PBG. However, materials with relatively low index contrasts, especially for organic materials, can also find applications that make use of their refraction properties, e.g., superprism effect. 17) On the other hand, it is advantageous if the PBGs of PhCs can be tuned. Inoue et al. showed that the optical nonlinearities could be tuned by changing the dispersion and the group velocity of PBGs. 18) As is known, liquid crystal (LC)-based PhC is inherently tunable under external stimuli, such as electric field and heat. Holographic polymer-dispersed liquid crystal (H-PDLC) material 19) is a new kind of material, which can be photo-polymerized by UV or visible lasers, depending on the chosen materials. It has attracted great attention due to a wide range of potential applications, such as reflective flat-panel displays, [20] [21] [22] switchable lenses, 23) optical switches, 24, 25) organic lasers, [26] [27] [28] etc. Recently, much interest was focused on fabricating PhCs based on H-PDLC. Many two-dimensional (2D) and 3D PhCs have been demonstrated using H-PDLC materials, including transverse square, 29, 30) orthorhombic, 31, 32) and diamond-like lattices. 33) However, to achieve these structures, a relatively complicated optical setup was used to create multi-beam interference pattern in all these fabrications. Sun et al. reported 3D H-PDLC PhCs using UV-curable materials exposed to seven-beam interference generated by a specially designed prism. 34) In this paper, we shall report a one-step fabrication of 3D H-PDLC PhCs with visible-curable materials using a simpler designed prism, which creates a four-beam interference pattern.
35)

Experiment
The starting LC/prepolymer mixture syrup used was consisted of 34.8 wt % monomer, trimethylolpropane triacrylate (TMPTA), 8.5 wt % cross-linking monomer, Nvinylpyrrollidone (NVP), 0.7 wt % photoinitiator, rose bengal (RB), 1.0 wt % coinitiator, N-phenylglycine (NPG), 7.7 wt % surfactant, octanoic acid (OA), all from SigmaAldrich, and 47.3 wt % LC, E7, from Merck. The E7 LC used has an ordinary refractive index of n o ¼ 1:521, and a birefringence of Án ¼ 0:225. The cell gap was about 30 mm. The exposure time was about 120 s. After exposure, the samples were further cured for 5 minutes using a UV lamp to ensure complete polymerization of the prepolymer. The detailed material preparation and fabrication can be found elsewhere. 25) In our configuration, the polymer refractive index, n p , is chosen to be as close as possible to the ordinary refractive index, n o , of LC. Moreover, the birefringence of LC, Án, is chosen to be as large as possible in order to open large PBGs. The refractive index of the cured polymer is about 1.522. 36) For morphology observation, the tested sample was immersed in liquid nitrogen for easy cleaving and then soaked in ethanol for at least 12 h to remove LC. After drying, the morphology was examined by atomic force microscopy (AFM) and scanning electron microscopy (SEM), respectively. To measure the response time, a HeNe laser beam operating at 543 nm was normally incident on the sample, and the diffraction was detected by a photodetector. A square waveform voltage from a high voltage amplifier/function generator (Trek 609E-6-FG) was applied on the sample. During the measurement, the photodetector and voltage signals were fed into two different channels of an oscilloscope (Agilent 54641A). From the waveforms captured by the oscilloscope, the rising and falling times were extracted.
The optical setup for the fabrication is schematically illustrated in Fig. 1(a) . A laser beam is collimated firstly and then impinged normally onto the specially designed prism [ Fig. 1(b) ], which is made of BK7 glass. The side lengths of top-and bottom-surfaces (isosceles triangle) are 1 and 6 cm, respectively, and the height is 2.5 cm. Emerging from the prism are one directly transmitted beam k 0 in the center and three side beams, k 1 , k 2 , and k 3 , by the refraction from three tilted side surfaces of the prism, as shown in Fig. 1(c) . These four beams overlap at the bottom surface of the prism and interfere with each other. A cell filled with the LC/ prepolymer mixture is attached onto the center of the bottom surface using an index-matched liquid to record the interference pattern. During the recording process, monomers polymerize first in the area with higher exposure intensity. As a result, spatial gradients in chemical potential are established, which produces a diffusion of monomers (and other reactants) into the high intensity regions, and a counterdiffusion of LCs into the low intensity regions. Finally, a 3D structure is formed inside the cell. The use of single prism in the fabrication setup leads to multiple beams generation and interference at the same time, and thus decreases the complexity of the alignment of optics. More importantly, the setup is self-adaptive, i.e., the effect of the external vibration during the fabrication process is minimized.
Simulations
The electrical field distribution of a multi-beam interference can be generally described by
where E is the amplitude, k is the wave vector, i and j are integers, ij is the initial phase difference between two incident waves, and r is the position vector. In our experiment, the beam vectors of the four beams generated by the prism can be written as:
wherek k is unit wave vector,ê e is unit coordinate vector, is the angle between the three refracted laser beams and z-axis, which is determined by the cutting angle of the prism, , and ' is the angle between the projection of laser beam on x-y plane and x-axis (Fig 1) . The resulting spatial distribution of the interference pattern is determined by the angles , 1 , 2 , and 3 . In this paper, 1 , 2 , and 3 are fixed at 120 and the cutting angle for the prism is 60 . Substituting eqs. (2)- (5) 
From eq. (6), the periods a, b, and c along the x, y, and z directions can be denoted by the angle as
where w is the writing wavelength, n eff is the effective refractive index of the recording materials. In our experiment, w ¼ 514:5 nm, assuming n eff ¼ 1:59 according to the LC concentration in the homogeneous PDLCs, ¼ 24:1 , we can theoretically obtain a ¼ 458 nm, b ¼ 792 nm, and c ¼ 1856 nm.
Results and Discussion
With the four-beam intensity ratio of 3 : 1 : 1 : 1 estimated, Fig. 2 shows the theoretically calculated 3D pattern of the spatial intensity distribution of the four-beam interference. Therefore, the PBGs can be easily engineered by changing the cutting angle of the prism. In our experiment, the intensities of the four beams k 0 , k 1 , k 2 , and k 3 are 58, 21, 22, and 21 mW/cm 2 , respectively, which is very close to the estimated ratio. triangular lattice with a period of about 420 AE 20 nm, which is in good agreement with the theoretical calculation according to the geometrical structure (Fig. 2) , considering the general 5 -10% volume shrinkage for the acrylate monomer during the photo-induced polymerization. 19, 27) Figures 5(a) and 5(b) show respectively the visible diffraction pattern produced by a normally incident He-Ne laser beam operating at 543 nm and a broadband white beam for our 3D PhC sample fabricated. From Fig. 5(a) , we can see that three first-order diffracted points are reconstructed when a laser beam is normally incident on the sample. It is worth mentioning that three weak light ellipsoids in Fig. 5(a) are induced by the edges of the top surface of the prism. A Kossel ring is also observed in the center of the diffraction pattern, which may be caused by the interference between the impinging four beams and the scattered light. Due to a decreased period, the white light diffraction exhibits a much larger dispersion [ Fig. 5(b) ] compared to that of the 2D H-PDLC PhCs reported in ref. 37 .
For H-PDLC PhCs, a distinct advantage is that they can be tuned by applying a voltage, i.e., the PBGs of H-PDLC PhCs can be changed dynamically. For example, along z-axis direction, due to the refractive index difference between the polymer matrix and the LCs, there are PBGs opened in the 3D H-PDLC PhCs. Upon applying a voltage, the LC molecules will re-orientate along the electric field direction, i.e., z-axis direction. The normally incident light only sees the ordinary refractive index n o of the LCs, which is almost equal to the refractive index of the polymer matrix. As a result, the H-PDLC PhC becomes a homogeneous medium, and the PBGs are closed along z-axis direction. Therefore, the PBGs could be electrically tuned in H-PDLC photonic structures. Figure 6 shows the changes of the diffraction and the transmission intensity as functions of applied voltage. From Fig. 6 , we can see that, with the increase of applied voltage, the diffraction intensity decreases, while the transmission intensity increases, due to the refractive indices matching between the LC and polymer matrix, indicating a PBG tuning in this H-PDLC structure. The switching electric field is about 7.2 V/mm, which is much lower than that reported in a similar structure. 34) Due to the large LC concentration used in our experiment, the driving voltage decreases much compared to the low LC concentration case reported previously. 25 ,37) Figure 7 shows the measured electro-optical response time when the sample was driven by a square voltage of 185 V rms (6.2 V/mm) with a frequency of 20 Hz. From  Fig. 7 , the rising time (10 -90% intensity changed) and the falling time (90 -10% intensity changed), are about 1.75 and 1.09 ms, respectively. The response time is faster compared to thiol-ene (UV-curable) based H-PDLCs. 38) 
Conclusions
In conclusion, electrically tunable 3D H-PDLC PhCs were fabricated using a specially designed prism. Its diffraction and electrically tunable properties were investigated. It showed fast electro-optical response. Compared to conventional holography, the use of single prism decreases the optics complexity greatly and offers a single-step fabrication, which is self-adaptive against vibration. In addition, the PhC structures can be easily engineered by changing the cutting angle of the prism. Such kind of H-PDLC PhCs can be potentially useful in tunable lasers and superprism effect devices.
